A computer model was developed to simulate the performance of an integrated solar thermal driven direct contact membrane distillation (DCMD) system for seawater desalination using recorded weather data. The results highlight the importance of simulating the DCMD process together with the energy source. Indeed, when considered in isolation from the thermal energy source, increasing water cross flow velocities in the feed and distillate channels results in an increase in water flux and thermal efficiency of the DCMD module. By contrast, when coupling the DCMD module with the solar thermal collector, increasing water cross flow velocities reduces both the process water flux and thermal efficiency. This is because of the limited supply of solar thermal at any given time, and hence the feed temperature decreases when cross flow velocities increase. Thus, any benefits in the reduction of temperature polarisation due to increasing cross flow velocities are overwhelmed by the effects of feed temperature decrease on water flux and thermal efficiency. Results from our simulation also demonstrate the viability of the solar thermal driven DCMD process for small-scale seawater desalination applications. Distillate production is dependent on the availability of solar radiation during the day; nevertheless, a small system with a 7.2 m 2 spiral-wound DCMD module and a 22.6 m 2 flat plate solar thermal collector can produce over 140 kg of distillate each day under real weather conditions. This is equivalent to a daily distillate production rate of 19.7 kg per m 2 of membrane or 6.3 kg per m 2 of solar thermal collector. Distillate production is dependent on the availability of solar radiation during the day; 27 nevertheless, a small system with a 7.2 m 2 spiral-wound DCMD module and a 22.6 m 2 flat plate 28 solar thermal collector can produce over 140 kg of distillate each day under real weather 29 conditions. This is equivalent to a daily distillate production rate of 19.7 kg per m 2 of membrane 30 or 6.3 kg per m 2 of solar thermal collector. 31
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Introduction

34
Membrane distillation (MD) has significant potential for small-scale solar thermal seawater 35 desalination in remote coastal areas. In the MD process, a microporous hydrophobic membrane is 36 used to facilitate the transport of water vapour while retaining liquid water and hence all non-37 volatile substances and dissolved salts; therefore, ultrapure water can be obtained from seawater 38 MD desalination [1, 2] . Unlike pressure-driven membrane desalination processes such as reverse 39
Theories
98
In MD, the transfer of mass and heat through the membrane occurs simultaneously. Water 99 (mass) transfer is driven by the difference in partial water vapour pressure across the membrane. 100
At the same time, heat is transferred via conduction and in the form of latent heat. 101
The mass transfer of water is described as: 102 respectively. The water vapour pressure at the membrane surfaces can be calculated as [2, 13] : 106 2 0 (1 0.5 10 ) 
where T is the temperature (K) of the feed and distillate at the membrane surface. 112
The membrane mass transfer coefficient (Cm) is dependent on membrane properties and 113 process operating conditions. For seawater desalination by DCMD, Cm can be described as [13, 114 17, 32, 33] : 115
where , , , and r are the membrane thickness (m), porosity (dimensionless), pore tortuosity 117 (dimensionless), and pore radius (m), respectively, M is the molecular weight of water (kg/mol), 118 R is the gas constant (i.e. 8.314 J/(molK)), T is the mean water vapour temperature (K) inside the 119 membrane pore, P and Pa are the total pressure and the air partial pressure (Pa) inside the 120 membrane pore, and D is the water diffusion coefficient (m 2 /s). The heat flux (Q) through the membrane is a combination of conduction heat and latent heat, 124 and can be described as: 125
where Q is in kJ/(m 2 h), km is the membrane thermal conductivity (W/(mK)), Hv is the latent 127 heat of evaporation (kJ/kg), and Tm.f and Tm.d are the temperatures of the feed and distillate 128 streams at the membrane surfaces, respectively. The membrane thermal conductivity is the 129 volume-average of polymer thermal conductivity (ks) and gas thermal conductivity (kg) as follows 130
[34]: 131
The procedure to calculate ks and kg is available from Alkhudhiri et al. [13] . Hv is calculated 133 using the mean water vapour temperature inside the membrane pore as: 134
The temperature of the feed and distillate streams at the membrane surfaces (i.e. Tm.f and Tm.d) 136
can be determined based on the bulk stream temperatures (i.e. Tb.f and Tb.d) by iteration as follows 137 [35, 36] : 138
where hf and hd are the heat transfer coefficients in the feed and distillate thermal boundary layers 141 respectively, and hm is the heat transfer coefficient across the membrane. The calculation of the 142 heat transfer coefficients in the boundary layers (hf and hd) involves the Nusselt number (Nu): 143 where , , and Cp are density (kg/m 3 ), dynamic viscosity (kg/(ms)), and specific heat capacity 153 (kJ/(kgK)) of the feed and distillate streams, and u is the fluid cross flow velocity (m/s). 154
During the DCMD process, temperature polarisation effect renders the temperature difference 155 between the hot and cold membrane surfaces smaller than that between the bulk feed and 156 distillate streams, thus reducing the actual process driving force. The temperature polarisation 157 coefficient () is calculated as: 158
In the DCMD process, temperature and concentration polarisation can occur simultaneously. 160
Because the influence of concentration polarisation on water flux is insignificant compared to 161 that of temperature polarisation during the desalination of seawater by DCMD [4, 13, 32] , 162 concentration polarisation is excluded in this study. 163
Thermal efficiency () is an important parameter to evaluate the performance of DCMD.  is 164 the ratio of the latent heat over the total heat flux through the membrane and can be calculated as: 165 From mass and heat balance, the mass flow (mf), bulk temperature (Tb.f), and salinity (Sf) of 199 the feed stream at the area i+1 can be determined as follows: 200
()
The mass flow (md) and the bulk temperature (Tb.d) of the distillate stream at the area i+1 204 under co-current flow are calculated as: 205
For counter-current flow, these parameters are determined as follows: 208
For simplicity, it is assumed that: (1) the system is at steady state; (2) the feed and the 211 distillate streams only flow in the x direction; (3) salt rejection is 100%; and (4) there is no heat 212 loss to the environment. 213
The calculation algorithms of the DCMD process are provided in Fig. 2 and Fig. 3 for co-214 current and counter-current, respectively. The calculation starts from the feed inlet end (i.e. x0 = 215 0) and finishes at the feed outlet end (i.e. xn = L) of the DCMD module. For co-current flow, the 216 initial parameters of the feed and distillate streams are readily available. On the other hand, for 217 counter-current flow, initial guesses of the mass flow and temperature of the distillate at the 218 outlet (i.e. md.out and Td.out) are required (Fig. 3) . 219 220 In the solar thermal driven DCMD system under brine-recycled operation, seawater is 224 circulated through the solar thermal collector to the DCMD module and back to the feed tank 225 (Fig. 4) (28) 232 where FMD.dist is the distillate production rate (kg/h) of the DCMD module, FMD.brine and TMD.brine 233 are the mass flow (kg/h) and temperature (C) of the brine leaving the DCMD module 234 respectively, and FMD.feed is the mass flow of the feed water into the DCMD module. 235
Under the single-pass operation, the concentrated brine leaving the DCMD membrane module 236 is discharged from the system (Fig. 4) ; thus, the feed water temperature and salinity remain 237 unchanged. 238
During the solar thermal driven DCMD process, heat loss to the environment from the solar 239 thermal collector, the membrane module, the feed tank, and piping can occur [30] . Heat loss from 240 the solar thermal collector is embedded in its efficiency coefficients (e.g. a1 and a2). For 241 simplicity, it is assumed that the system can be fully insulated and heat loss from other system 242 components is negligible. 243 244 Co-current and counter-current flow result in two distinctive temperature profiles along the 248 channel length (Fig. 5) . In the co-current flow, the feed temperature decreases while the distillate 249 temperature increases, resulting in a continuous decrease in the temperature difference (T) 250 between the feed and distillate channels along the membrane module. In contrast, in the counter-251 current flow, the feed and distillate temperatures decrease at a similar rate; thus, T is relatively 252 constant along the channel length (Fig. 5) . 253 The difference in T behaviour along the channel length results in two distinctive water flux 259 profiles under the two flow modes (Fig. 5) . In the co-current flow, water flux decreases rapidly 260 along the channel length as a result of the reduction in T between the feed and distillate streams 261 (Fig. 5A) . Due to the exponential relationship between water vapour pressure and temperature 262 (Eq. 3), water flux decreases at a faster rate than the decline in T in the co-current flow. Indeed, 263 between the module inlet and outlet, water flux decreases by 20 times whereas T only decreases 264 by 12 times (Fig. 5A) . Under the counter-current flow mode, a gradual decrease in water flux is 265 observed despite a constant T along the channel length (Fig. 5B) . This is because the water
vapour partial pressure difference between the feed and distillate channels depends not only on 267
T but also the temperature of the feed.
268
According to Eq. 9 and Eq. 10, temperature polarisation is reduced when the water flux 269 decreases. Thus, for both flow modes, temperature polarisation coefficient () increases along 270 the channel length (Fig. 6A) . It is noteworthy that  values from this (Fig. 6A ) and other 271 modelling investigations [24, 39] are lower than those obtained in experimental studies using lab-272 scale DCMD modules (i.e.  >0.8) [40] [41] [42] . This is because lab-scale experimental studies are 273 often based on operating parameters (e.g. high feed/distillate cross flow velocities and small 274 membrane surface area) that are not realistic for pilot or full-scale operations. 275 Thermal efficiency () decreases along the channel length under both co-current and counter-281 current flow modes (Fig. 6B) . At the feed inlet,  is 0.52 and 0.60 under co-current and counter-282 current flow, respectively. At the feed outlet,  decreases to 0.43 for co-current flow and to 0.38 283 for counter-current flow. It has been established that operating the DCMD process at a higher 284 feed temperature increases the process thermal efficiency [43] [44] [45] . Thus, the decrease in  can be 285 attributed to the declined feed temperature along the channel length (Fig. 5) . 286
Performance of the DCMD module 287
The relationships between water flux and thermal efficiency with feed temperature at the 288 module level are demonstrated in Fig. 7 . These results are consistent with the data presented in 289 the previous section. It is interesting to note that under the two flow modes, the DCMD module 290
exhibits similar thermal efficiency but different water flux, particularly at high feed inlet 291 temperatures (Fig. 7) . The divergence in the module water flux between the two flow modes at 292 high feed inlet temperatures is attributed to the T variation along the module channels (Fig. 5) .
293
Under counter-current flow, at a high feed inlet temperature, a large T value can be obtained 294 and maintained along the membrane module, resulting in a high module water flux. On the other 295 hand, under co-current flow, a high feed inlet temperature results in a large T only at the module 296 entrance, and T decreases rapidly along the membrane module. As a result, the overall module 297 water flux under co-current is lower than that under counter-current flow (Fig. 7) . 298 299 Fig. 7 . Influences of feed inlet temperature on the water flux and thermal efficiency of the 300 DCMD module under co-current and counter-current flow. Other operating conditions: distillate 301 inlet temperature, Td.in = 25 C; feed and distillate cross flow velocities of 5.2 cm/s (process water 302 circulation rates of 900 L/h); feed inlet salinity, Sf.in = 35,000 ppm. The DCMD module has 1.5 m 303 long channels. 304
Increasing water cross flow velocities in the feed and distillate channels leads to an increase 305 in T, thus improving both the module water flux and thermal efficiency (Fig. 8) . Indeed, the 306 simulation results show that increasing water cross flow velocities from 3.5 to 8.7 cm/s doubles 307 the average T under both co-current and counter-current flow modes. Moreover, increasing the 308 cross flow velocities in the feed and distillate channels can also reduce the temperature 309 polarisation effect within the DCMD module. As the cross flow velocities of the feed and 310 distillate channels increase from 3.5 to 8.7 cm/s, the average temperature polarisation coefficient 311 35,000 ppm. The DCMD module has 1.5 m long channels. 318
The influences of water cross flow velocities on water flux and thermal efficiency of the 319 DCMD membrane module are much smaller than those of feed inlet temperature. Increasing 320 water cross flow velocities by 2.5 times (i.e. from 3.5 to 8.7 cm/s) results in an increase of the 321 same magnitude in the module water flux and a slight improvement in the module thermal 322 efficiency (Fig. 8) . On the other hand, increasing feed inlet temperature from 30 to 80 C 323 exponentially raises the module water flux, and markedly increases the module thermal efficiency 324 (Fig. 7) . These results have an important implication on the optimisation of a solar thermal driven 325 DCMD system. Indeed, when the supply of solar thermal is limited, increased feed water cross 326 flow velocities can significantly reduce the DCMD feed inlet temperature. Thus, in an integrated 327 system, increasing the cross flow velocities might even be counter-productive. The influence of 328 water cross flow velocities on water flux and thermal efficiency of the solar thermal driven 329 DCMD process will be discussed in the section 4.3. 330
The simulation results reported here provide two important implications towards process 331 optimisation of a solar thermal driven DCMD system for seawater desalination. First, under the 332 operating conditions investigated in this study, the DCMD module exhibits similar thermal 333 efficiency under co-current and counter-current flow modes; however, counter-current flow 334 results in a higher water flux. Thus, counter-current flow is preferable to co-current flow when 335 the supply of thermal energy is limited. Second, the hot brine (i.e. at 40 C for the feed inlet 336 temperature of 60 C under counter-current flow) leaving the membrane module has a 337 considerable amount of sensible heat. Indeed, Duong et al. [46] have experimentally 338 demonstrated the benefits of brine recycling in the DCMD process with respects to thermal 339 efficiency. Thus, by simply recycling the hot brine to the module, this sensible heat can be 340 recovered to enhance the overall thermal performance of the DCMD process. The next section 341 analyses the performance of a solar thermal driven DCMD process with brine recycling under 342 real weather conditions. 343
Performance of a solar thermal driven DCMD process 344
A solar thermal driven DCMD system consisting of a 7.2 m 2 membrane module under 345 counter-current flow and 22.6 m 2 of flat plate solar thermal collector was simulated using 346 TRNSYS. The results show a highly intermittent nature of the solar thermal driven DCMD 347 process. The process achieves maximum water flux and thermal efficiency when the feed inlet 348 temperature reaches the highest value at peak solar radiation (Fig. 9) . On the hottest day of the 349 operation (i.e. the 2 nd day), the system under brine-recycled operation obtains the maximum 350 water flux of 2.7 kg/(m 2 h) at peak feed inlet temperature of 52 C (i.e. coinciding with the peak 351 total solar radiation of 1100 W/m 2 ), and produces 142 kg of distillate for the day. This daily 352 distillate production rate is equivalent to 19.7 kg/day per 1 m 2 of DCMD membrane and 6.3 353 kg/day per 1 m 2 of solar thermal collector. The overall thermal efficiency of the system varies 354 from 0 (in early morning and late afternoon) to about 0.5 (at peak solar radiation). 355
Results from our simulation are comparable to the data from several previous pilot studies 356 (Table 1) . Compared to these pilot scale data, the simulated solar thermal driven DCMD system 357 achieves a higher daily distillate production rate per 1 m 2 of membrane. On the other hand, in 358 terms of the collector area, the simulated daily distillate production rate is lower when comparing 359 to the data experimentally obtained from pilot operation (Table 1) Our simulation data highlight the need to consider MD operation together with the source of 373 thermal energy. Unlike the results in section 4.2 when the DCMD module is considered 374 independently of the energy source, in an integrated system, increasing the DCMD water cross 375 flow velocities from 3.5 to 8.7 cm/s decreases the maximum water flux and thermal efficiency at 376 peaked hours from 3.2 to 2.5 kg/(m 2 h) and from 0.48 to 0.41, respectively (Fig. 10 ). This is 377 because the feed inlet temperature is no longer independent from the feed cross flow velocity. 378
Increasing feed cross flow velocity shortens the residence time of the feed within the thermal 379 collector, thus leading to a decrease in DCMD feed inlet temperature (Fig. 10) . Operating the 380 solar thermal DCMD process at low cross flow velocities is beneficial with respects to water flux 381 and thermal efficiency. However, the seawater DCMD process at low cross flow velocities might 382 be strongly affected by concentration polarisation effect and membrane scaling at high process 383 water recoveries [46, 47] . Thus, further simulations of the solar thermal driven seawater DCMD 384 process that take account of concentration polarisation effect and membrane scaling are 385 recommended. 386 Fig. 10 . Influence of water cross flow velocities on the feed inlet temperature, water flux, and 388 thermal efficiency of the solar thermal driven DCMD process at peak solar radiation. Operating 389 conditions: Td.in = 25 C. The simulation data are for the 2 nd of January 1991. 390
The simulation data also confirm the benefits of brine recycling during the solar thermal 391 driven seawater DCMD desalination process (Fig. 11) . Returning the warm brine to the feed tank 392 in lieu of discharging it from the process recovers the sensible heat of the brine [30, 46] , thus 393 elevating the temperature of the feed water in the feed tank. The warmer is the feed water in the 394 feed tank, the hotter feed water can be obtained at the outlet of the solar thermal collector. As 395 demonstrated in Fig. 11A , during a single-pass operation at water cross flow velocities of 5.2 396 cm/s, the peak collector outlet temperature is 40 C (i.e. with seawater feed temperature of 25 397 C), whereas the brine-recycled operation achieves the peak collector outlet temperature of 52 398 C. As a result, the peak water flux of the brine-recycled solar thermal driven DCMD process 399 significantly increases to 2.7 kg/(m 2 h) as compared to 1.2 kg/(m 2 h) obtained in a single-pass 400 process (Fig. 11B) . Accordingly, the peak process thermal efficiency also increases from 0.35 to 401 0.45 when the operation mode is switched from single-pass to brine-recycled (Fig. 11C) . 402 shown that, each day a solar thermal driven DCMD system with brine recycling can produce 19. 
